Introduction {#Sec1}
============

Exposure to fine particulate matter (aerosol) poses a significant health concern by increasing mortality and morbidity (Peng et al. [@CR29]). Organic aerosol comprises 20 − 90% of the total fine-particle mass, but there are large uncertainties regarding the sources, atmospheric chemistry, and fate of organic aerosol (Hallquist et al. [@CR13]). One of the biggest sources is incomplete combustion, including both fossil-fuel burning in internal combustion engines and biomass burning at many scales, ranging from enclosed stoves to wild fires (Seinfeld and Pankow [@CR38]).

The scope of this work is to consider emissions by the combustion of citronella oil candles, which are used to ward off mosquitoes. We seek to quantify the emissions of primary organic aerosol (POA) from candle combustion as well as the production of secondary organic aerosol (SOA) from the oxidation of vapors also emitted during combustion. The ingredients specific to citronella candles are mostly unsaturated terpenes; these include limonene and geraniol, as well as a host of minor constituents (Ritter [@CR35]). These candles are used outside on summer evenings, so the oxidation to form SOA by ozone is thus of special interest. The goal of this work is to quantify the SOA in terms of the amount and the timescale for the formation. We carried out experiments in a large smog chamber with atmospherically relevant organic aerosol concentrations, with only a few seconds of candle emissions filling the chamber with \~10 *μ*g m^ − 3^ of aerosol mass. We oxidized the accompanying vapors with ozone to observe any subsequent SOA formation, which, on a warm summer evening, could substantially alter the exposure pattern of individuals in the candle plume.

Background {#Sec2}
==========

Combustion is most frequently viewed as a POA source, but recent work has shown that emission of low-volatility vapors from combustion may be a more significant organic aerosol source due to subsequent SOA formation from these vapors (Robinson et al. [@CR36]; Weitkamp et al. [@CR40]; Grieshop et al. [@CR11]; Donahue et al. [@CR5]). A key aspect of that work was to realize that primary sources must be diluted to ambient conditions (organic aerosol concentrations) for the organic phase partitioning to reflect the atmosphere (Donahue et al. [@CR6]); fresh particles can lose up to 90% of their mass as material evaporates while they are diluted from near-source to near-ambient conditions (Grieshop et al. [@CR12]). Those vapors, and other vapors co-emitted with the particles, can be oxidized to form large quantities of SOA, which arises from the semi-volatile partitioning of low-volatility reaction products (Odum et al. [@CR25]; Donahue et al. [@CR6]). One important oxidation pathway to form SOA is ozonolysis. Important biogenic species, like *α*-pinine (Odum et al. [@CR25]; Presto and Donahue [@CR31]) or limonene (Leungsakul et al. [@CR21]; Zhang et al. [@CR44]) are known as a source for a high potential SOA formation through the reaction with ozone because they are unsaturated and cyclic.

Organics are important constituent of aerosols and thus a health concern. In their extended Harvard six cities study, Laden et al. ([@CR20]) reported that the PM~2.5~ concentration is directly linked to a higher cardiovascular and lung cancer mortality. A similar study was conducted by Hoek et al. ([@CR16]) in the Netherlands to determine the relationship between traffic- related air pollution and mortality. They concluded that emissions from motor vehicles lead to elevated death rates. Seasonal and spatial patterns of dose-response functions for mortality and PM also suggest that PM composition plays a role in the health effects (Peng et al. [@CR29]), but a direct link between PM composition and health outcomes remains elusive.

The reason we are focusing on aerosols associated with citronella candles is because the candles are used to protect health (and avoid nuisance) by warding off mosquitos. Insect borne diseases are a major source of illness. According to the World Health Organization, almost one million people are killed by malaria every year (WHO [@CR41]). Consequently, insect repellants are an important public health tool. Typically, they are either synthetically produced compounds or plant-derived essential oils. One commonly used chemical repellent is *N*,*N*-diethyl-3-methylbenzamide (DEET), while citronella oil is as an example of a plant-derived repellent (Novak and Gerberg [@CR24]).

DEET is used for public health treatment, emergencies and military operations (Novak and Gerberg [@CR24]). It has been the subject of substantial toxicological scrutiny due to some observations of health problems after DEET application (Antwi et al. [@CR1]). Antwi et al. ([@CR1]) concluded there are no significant toxicological risks to use DEET as an insect repellent, assumed that it is properly applied. Fradin and Day ([@CR10]) also concluded in their study that products containing DEET have a remarkable safety profile, and also determined that DEET products have a better combination of safety and long-lasting effect than non-DEET products.

However, citronella oil is often seen as a safe, natural alternative to DEET, (Ritter [@CR35]) and studies have shown that it is effective if applied in sufficient quantities (Fradin and Day [@CR10]). Citronella oil is obtained from citronella grass. Insect repellants are formulated from extracts of Lenabatu grass, and comprise a complex mixture of hydrocarbons containing terpenes, aldehydes and alcohols. Terpenes dominate. According to the analysis by Wijesekera ([@CR42]), the dominant constituents in the Lenabatu-type extract are geraniol and limonene.

The ubiquity of unsaturated compounds in citronella oil is significant because the oil is used in candles burned outside on summer evenings, (Fradin and Day [@CR10], Sudakin and Trevathan [@CR39]) with the very purpose being dispersal of the active ingredients in the candle plume. Two important aspects about the candle burning should be noted in this context. First, the combustion is not completely efficient, and so many vapors escape the flame front and get dispersed in the candle plume: this is the desired effect for a citronella candle, as the essential oils are thus dispersed. Second, partial combustion can occur in the flame, and consequently compounds can be emitted from the flame that were not present in the original candle formulation.

Consequently, one aspect of using citronella candle that has heretofore been ignored is that the candle emissions may react with ambient ozone (which is often at high concentrations in summer evenings). This reaction may produce SOA, and exposure to that SOA would then be an additional consideration when assessing the relative risks of various insect repelling strategies. Furthermore, because the candles are used expressly for their health benefits, and because the POA emissions will exhibit volatility, this system is an excellent test case to introduce the health-effects community to our new framework for treating the coupled partitioning and chemical aging of organic aerosol (Donahue et al. [@CR6]).

Because of this, we set out to experimentally determine the emissions of POA and the potential formation of SOA from citronella candles, using a smog chamber under conditions as close as possible to ambient organic aerosol levels in order to promote natural phase partitioning. Our major objective was to test whether substantial quantities of SOA could be formed when citronella candle vapors were exposed to ozone.

Experimental methods {#Sec3}
====================

We conducted experiments in the Carnegie Mellon University Center for Atmospheric Particle Studies smog-chamber, which has been described extensively in the literature (Presto et al. [@CR33]; Huff Hartz et al. [@CR17]; Grieshop et al. [@CR11]). The chamber is a 10  m^3^ flexible Teflon bag (Welch Fluorocarbon) suspended in a temperature-controlled room (15--40 °C) held at 20--22 °C (RH \~10%) for these experiments. Previous experiments have shown modest to no RH dependence in SOA mass yields in chambers (Hallquist et al. [@CR14]; Prisle et al. [@CR34]).

Particle size distributions were measured with a Scanning Mobility Particle Sizer (SMPS, TSI 3936) operating at a 10:1 flow ratio (typically 5 lpm for sheath flow and 0.5 lpm for aerosol given the small particle sizes observed). Ozone was measured via UV absorption at 2,537 Å (Dasibi 1008-PC). Organic vapors were measured with a quadruple Proton Transfer Reaction - Mass Spectrometer (PTR-MS, Ionicon Analytik GmbH). We measured selected ions in the PTR-MS at *m/z* = 21, 25, 32, 37 as well as *m/z* = 81, 137 for terpenes (Hewitt et al. [@CR15]; Zhang et al. [@CR44]) with varying dwell times to optimize signal to noise. Additional masses for protonated citronella oil constituents were also monitored, but *m/z* = 81 proved to be the most useful for these experiments.

Before each experiment the bag was cleaned overnight at elevated temperature with an ozone purge under UV illumination (360 nm black lights), then filled with particle-free filtered air. We used commercial (Coghland) citronella oil tea-light candles for these experiments. The manufacturer verified that they contained the expected complex mixture of citronella oil. A candle was lighted in advance to make sure the combustion was in a stationary burning phase, without smoldering, before being sampled. The lighted candle was placed in the bag via a sealable opening, which was closed afterwards.

A total of eight experiments were conducted with the candle held in the chamber for varying durations (10, 30, 60, 120 s). To improve the dispersion of the candle plume, an air line was opened for approximately 5 min after the injection to "top off" the chamber, after which ten cycles were sampled with the PTR-MS to obtain a stable signal for the precursors. Because of the very large chamber volume (initially 10 m^3^), neither the combustion nor inflow during either combustion or the 5-min "top off" period significantly affected bulk parameters (RH, T, etc.). After this, ozone was generated using a corona-discharge ozone generator (Azco HTU500AC) and flushed into the chamber, reaching initial concentrations of 1--2 ppm. Each experiment then continued in this batch mode for about 3 h.

Results and discussion {#Sec4}
======================

We weighed candles before and after a fixed-length burn to obtain a burning rate of 0.51  mg  s^ − 1^. The PTR-MS signal at *m/z* = 81 (characteristic of terpenes) was proportional to the injection time, as shown for three experiments in Fig. [1](#Fig1){ref-type="fig"} using standard calibration factors for monoterpenes (Zhang et al. [@CR44]). The primary aerosol levels were low, variable, and in some cases negligible, with an emission factor ranging from 4.3--204  μg  g^ − 1^. Figure [2](#Fig2){ref-type="fig"} shows a typical primary size distribution with about 2,000 particles cm^ − 3^ peaked at 11 nm. This size range agrees with other publications concerning candle burning. Fine et al. ([@CR8]) concluded that particles for candles during normal burning (no sooting or smoldering) are smaller than 100 nm, while Wright et al. ([@CR43]) determined that aerosols from paraffin wax tealight candles are in the range of 0.4 nm--11 *μ*m. Fig. 1Total terpene concentrations obtained by the PTR-MS at *m/z* = 81 (a characteristic terpene fragment after proton transfer) for different candle input timescales. Loadings are roughly linear with burning timeFig. 2Size distribution for POA and SOA. The y axis on the left side refers to the POA 14 min after the candle input whereas the y axis on the right side refers to SOA 7 min after the ozone input. Particle number increases by almost one order of magnitude after ozone injection and the mean diameter also increases significantly, indicating very substantial secondary organic aerosol formation

A crucial issue is that the emissions were heavily diluted. With a candle burn of order 100 s, about 50 mg of candle was burned, for a *total* emission of approximately 5 mg m^ − 3^ in our 10 m^3^ chamber. The organic aerosol mass concentrations were at roughly ambient levels of a few *μ*g m^ − 3^. Many of the primary compounds in the candle formulation have a low but still significant vapor pressure: upon extreme dilution typical of ambient conditions, these compounds, with saturation vapor pressures greater than approximately 10^ − 7^ torr (Donahue et al. [@CR5]), can and will evaporate from ultrafine particles. For example, C~25~ alkanes (pentacosane) have a saturation concentration (*C*^\*^) of about 1 *μ*g m^ − 3^, meaning that for organic aerosol concentrations of about 1 *μ*g m^ − 3^, 50% of the pentacosane will be found in the gas phase. The large majority of paraffins in wax candles are lighter than C~25~ (Crause and Nieuwoudt [@CR4]), so we would expect substantial vaporization of any unburned emissions after dilution of the candle plume into our chamber.

We have observed this dilution effect for all "primary aerosol" sources we have examined, including diesel emissions (Lipsky and Robinson [@CR22]) and wood burning (Grieshop et al. [@CR11]), and it is an important, general conclusion. Most of the organic material traditionally classified as POA evaporates quickly after emission, and the resulting vapors are subject to rapid gas-phase oxidation. This oxidation can return a substantial amount of organic carbon to the condensed phase, but in an oxidized state and on different particles from the primary emissions (Robinson et al. [@CR36]; Donahue et al. [@CR5]; Jimenez et al. [@CR18]).

We anticipated that a number of the vapors associated with the citronella candles would be unsaturated, and the PTRMS signals at *m/z*=81 confirmed this. Consequently, we followed each burn with an injection of ozone. We use elevated ozone concentrations to separate chemical timescales (Pathak et al. [@CR27]) in the experiment from any particle wall losses, which have a timescale of a few hours (Pierce et al. [@CR30]). Terpene chemistry depends on the ozone-alkene stoichiometry because many terpenes are multiply unsaturated, and different double bonds can have very different rate constants. For example, limonene has an endo and exo double bond, and the endo double bond reacts almost 30 times more rapidly with ozone (Zhang et al. [@CR44]). Consequently, the reaction products change dramatically as one moves from excess limonene to excess ozone conditions (Sawar and Corsi [@CR37]; Maksymiuk et al. [@CR23]). We operated in excess ozone conditions, which are typical outdoors.

Ozone-alkene reactions generate OH radicals (Atkinson et al. [@CR2]; Paulson et al. [@CR28]; Donahue et al. [@CR7]; Presto and Donahue [@CR32]). Radical scavengers are often employed to isolate ozone-alkene reactions in SOA formation experiments (Keywood et al. [@CR19]), but we elected to let the candle emissions to form their own reactive mixture. Any OH radicals formed via initial ozonolysis will thus have reacted very rapidly with other candle vapors (either saturated or unsaturated, depending on OH rate constants and species abundance); the rate-limiting step in all cases was the initial ozone-alkene reaction. Our objective was not to exactly quantify an SOA formation efficiency from these candles, which in any event turned out to be highly variable, but rather to confirm that SOA formation would be very significant, overwhelming POA emissions even though candles are generally regarded as sources of primary particles.

As we hypothesized, after ozone injection both the particle size and number grew rapidly, indicating new particle formation followed by condensational growth of SOA. For example, in Fig. [2](#Fig2){ref-type="fig"} it can be seen that the particle mode shifted from 11 to 21 nm after 7 min of exposure to ozone, while the total number (the area under each curve) increased from 2,000 to 420,000 cm^ − 3^. The particles continued to grow via SOA condensation for approximately 30 min as the detectible organic precursors vanished along with ozone at rough stoichiometric equivalence.

To determine SOA yields from these experiments we corrected for particle wall losses (Pathak et al. [@CR27]; Pierce et al. [@CR30]) We measured the first-order mass concentration losses at the end of each experiment, when particle growth was negligible; wall loss rate constants were in the range of 0.21--0.38 h ^ ^− 1. Because the chemical timescale was much shorter than this, the SOA yields were only slightly sensitive to the wall-loss rate constant. Figure [3](#Fig3){ref-type="fig"} shows the wall-loss corrected SOA mass (assuming a density of 1 g cm^ − 3^ and spherical particles) and the signal at *m/z* = 81 for an experiment resulting in over 30 *μ*g m^ − 3^ of SOA. This was at the very low end of typical yields; in many cases we observed several hundred *μ*g m^ − 3^ of SOA within a few minutes. We report "normalized" SOA mass yields assuming *ρ* = 1 g  cm^ − 3^ when measuring SMPS volume only (Pathak et al. [@CR27]); here any uncertainty in density is dwarfed by the variability in yields from run to run. Overall, the mass yield of SOA relative to the mass of signal at *m/z* = 81 ranged between 2% and 20%. This is not simply a partitioning effect (Donahue et al. [@CR6]) because experiments with similar apparent precursor consumption showed very different mass yields. Fig. 3Precursor loss and SOA formation in a typical experiment (*t*~candle~ = 120 *s*). Time t=0 refers to ozone input. The y axis on the left side refers to the precursor *m/z* = 81 signal on the PTR-MS whereas the y axis on the right side refers to mass concentration SOA derived from SMPS measurements. Rapid SOA formation is clearly evident

In spite of the tight correlation between ROG production and candle-burning time shown in Fig. [1](#Fig1){ref-type="fig"}, the SOA concentrations showed no clear correlation with burning time. Therefore, we conclude that the amount of SOA formation is dependent on what kind of constituents escape the flame and are dispersed as vapors. It is also possible that some secondary products are formed in the flame, which in turn react with ozone rapidly to form the SOA: yields of these products could be quite variable depending on flame conditions. The signal at *m/z* = 81 thus appears to be a general but not specific tracer for SOA precursors. The exact precursors responsible for SOA formation (and typical constituents in the SOA) will require more analytical work on the candles, emitted vapors, and SOA products.

Since the citronella oil contains abundant terpenes, particularly monoterpenes like geraniol and limonene, it is likely that these are contributors to the SOA formation via reaction with ozone. For example, the reaction between limonene and ozone as a strong source for SOA (Zhang et al. [@CR44]; Sawar and Corsi [@CR37]). However, we do not know the exact identity of the SOA precursors in these experiments, so we would like to determine the overall rate constant as an additional constraint. The decline in *m/z* = 81 was very rapid, as was a concurrent decline in ozone (ozone was in excess), and the overall time evolution of reactants and products was consistent with a pseudo first-order system rate-limited by the reaction of ozone with the measured precursors. A pseudo first-order analysis indicates an average rate constant of *k* ≃ 2 ×10^ − 15^ cm^3^ molecule^ − 1^ s^ − 1^. This is significantly higher than the known ozonolysis rate constants for citronella oil constintuents, including limonene (Zhang et al. [@CR44]) and geraniol (Forester et al. [@CR9]). It is more consistent with reactions involving ozone and sesquiterpenes (Calvert et al. [@CR3]). Therefore, we conclude that the observed SOA arises from either relatively minor but highly reactive constituents of the citronella oil or else reactive compounds formed with the flame itself from citronella oil precursors.

It may be convenient to consider an "SOA emission factor", though this is a gross oversimplification of the formation of semi-volatile constituents (Odum et al. [@CR26]; Donahue et al. [@CR6]). However, this can still be useful to compare POA and SOA production. Based on our experiments, we find an SOA emission rate of 3,300--11,500 *μ*g  g^ − 1^. In general the SOA formation exceeds POA emissions from the candle (4.3--204 *μ*g  g^ − 1^) by several orders of magnitude.

POA emission factors in the literature for other candles are somewhat larger than what we observe for citronella candles. Fine et al. ([@CR8]) conducted experiments with paraffin and beeswax candles. The emission factors vary between 520--3,720 *μ*g g^ − 1^ for paraffin with slightly higher values for beeswax (1,060--2,040 *μ*g g^ − 1^). They concluded that for unscented candles the POA emission factor is 870±600 *μ*g  g^ − 1^. In addition, the burning rates for paraffin are in the range of 75--119 mg  min^ − 1^ and 53--63 mg   min^ − 1^ for beeswax candles, while the burning rates for citronella oil candles in our experiment are in the range of 30 mg  min^ − 1^. Citronella oil candles evidently have a higher specific heat capacity, so that more heat quantity per mass unit is necessary to increase the temperature to a level that the citronella oil wax becomes liquid. Ultimately, the SOA formation we observed from the citronella candles substantially exceeds the observed POA emissions from all candle types.

Conclusions {#Sec5}
===========

During the experiments reported here we observed both POA emissions from citronella-oil candles and SOA formation after candle vapors were exposed to ozone. We also observed rapid loss of vapors using a PTR/MS at *m/z* = 81. However, we did not observe a simple dependance between SOA formation and candle input time. The observed reaction is too rapid for a typical reaction between monoterpenes and ozone, suggesting that more reactive vapors emitted by the burning candle may be important SOA precursors. Future work to measure the composition of vapors emitted by these burning candles would be of great interest.

A unique feature of the citronella candle is the significant emission of unsaturated vapors. These vapors in turn lead to very large SOA formation yields, which overwhelm the POA emissions. It is possible that the same outcome could follow from paraffin candles, only with OH radicals driving the oxidation: we have observed this for other POA sources (Robinson et al. [@CR36]; Grieshop et al. [@CR11]). However, SOA formation in that case would occur only outdoors during daylight (not a common time for candle burning) and is in any event beyond the scope of this work. The combination of unsaturated vapors from the citronella candles and availability of ozone as an oxidant outdoors in the evening may place these candles in a unique position as SOA precursors leading to localized human exposure during evening socializing outdoors.

We make no claim that the SOA from citronella candles necessarily renders them hazardous. However, any assessment of human exposure must consider the processes between emission and exposure, and in this case atmospheric oxidation is both rapid and consequential. It is very important to consider atmospheric processing when treating health effects from an emissions source, even one that may be quite close to an effected person as in this example. This serves as a vivid illustration that organic aerosols are complex and dynamic. They combine rapid chemical evolution with phase partitioning in ways that are significant both to the chemical constituents individuals are exposed to and to the dosing mechanism (as compounds move between the vapor and condensed phases). These are effects that cannot be ignored in exposure studies.
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